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Introduction
The dynamic destabilization of coal seams in coal mining is a frequently occurring disaster accompanied with a sudden force transfer and violent energy release. Without prevention and control, this destabilization will inflict equipment damage, roadway collapse, and personnel casualty, thereby severely threatening coal mine production and safety. During the 20th century, researchers made some progress by studying the mechanisms of coal seam dynamic destabilization related to rockburst [1] . Most previous studies ignored the effect of gas during roadway rockburstinduced coal seam destabilization. The microseismic field, gas monitoring, and theoretical analysis showed that gas may be an important factor causing dynamic instability [2] [3] [4] [5] [6] [7] [8] . Therefore, the effect of gas should be considered in the study of coal seam impingement mechanism.
Coal-seam-translation-rockburst destabilization is a typical coal/rockburst destabilization. Lippmann et al. [9] [10] [11] proposed a coal-seam-translation-rockburst destabilization theory using the Mohr-Coulomb (M-C) criterion from the structure destabilization concept perspective and by only considering the interaction between the coal seam and its roof and floor. Jiang et al. introduced the fractional resistance inside the coal seam and applied the M-C criterion to establish their mechanic model for coal-seamtranslation-rockburst destabilization, and found the index for measuring the extent of the entire roadway outburst based on their analyses on the pre-outburst of critical stress distribution in the coal seam and the characteristics of 3D model-related geometric parameters [12] . Zhu et al. considered the effects of yield criterion, roadway size, and other factors on coal-seam-translation outbursts and applied the Hoek-Brown strength theory to improve Lippmann's coal seam translation outburst model [13] [14] [15] . The effect of gas on ground pressure impact was investigated, and the coal translator bump model of linearly distributed gas was subsequently established on the basis of M-C criteria. According to these studies of the dynamic destabilization mechanism induced by roadway rockburst, the M-C and Wilson criteria are used to evaluate the coal seam rockburst; however, both of these criteria ignore the role of intermediate principal stress [16] . The Druker-Prager (D-P) criterion, which is based on the M-C criterion, is commonly used as the material yield criterion of roadway impulse dynamic instability to study the effect of intermediate principal stress and hydrostatic pressure. The D-P criterion is also usually used to fit the M-C criterion in engineering calculation. Jiang et al. used the D-P criterion to obtain the coal seam rockburst and instability model, but ignored the possible effect of gas on the width of the plastic zone in the coal wall [17, 18] . On the basis of Wilson criterion, Wang et al. improved the yield bandwidth and stability formulas of the thick-strip coal pillar by experimental analysis, but the effect of the principal stress on the stability of the coal pillar is not considered [19] .
The main stress is a considerably important influencing factor in the study of strength criterion on the translator bump model of coal seam; nevertheless, the M-C and Wilson criteria are not considered when the role of the main stress is determined [20] . To explore the applicability of these three commonly used strength criteria in the translational instability problem of gas-bearing coal seam, the present study analyzes the unified form of these criteria in the plane strain state, on the basis of Lippmann theory. The middle principal stress and the support resistance are both considered by changing the boundary condition and replacing the yield criterion. This study also considers the gas-solid coupling method to establish the translator bump model of gas-containing coal seam, analyze the stress distribution of the whole coal seam prior to destabilization and the distribution of plastic and disturbance zones widths, and apply the coal seam stress distribution curves through an actual case. Finally, we utilize the constructed model to examine the effects of gas, roadway width and height, support resistance-coal strength (internal friction angle), and support resistance-underground stress on the process of coal seam destabilization and failure.
Coal seam destabilization model with consideration of gas effect

Analysis of coal seam destabilization mechanism
We assume that a horizontal seam with a thickness of 2 h is subject to the uniform vertical stress q, horizontal stress kq (where k is the lateral pressure coefficient), seam gas pressure p and roadway width 2b. When the roadway is excavated, the stress in a certain coal zone along both sides of the roadway will be redistributed. The affected region is called the disturbance zone with length L, as shown in Fig. 1 , where the plastic, elastic, and initial stress zones are marked as I, II and III, respectively; x p is the width of the plastic zone; p r is the support resistance in front of coal seam; and r y and r x are the stresses in vertical and horizontal directions in coal mass, respectively.
For convenience, the following mechanical assumptions are established: (1) the support resistance p r is evenly distributed along the excavation face; (2) the roof and floor of coal seam are rigid bodies with the same sliding resistance, and the coal mass is a homogeneous, isotropic, and elastic-plastic material; (3) the problem after ignoring the thin-plate bending effect is reduced as the plane strain problem; (4) the coal seam in the elastic zone satisfies Hooke's law; and (5) the slip friction on the interface between coal and rock satisfies Eq. (1).
where c c is the cohesion on the coal-rock interface, MPa; u c the friction angle on the coal-rock interface,°; and r y the stress of the seam in the vertical direction, MPa.
Mechanical model
A microvolume element with height 2 h extracted from the coal mass on the roadway side is used for mechanical analysis. The applied loads include horizontal stress, pore pressure, and friction resistances on the interfaces between the seam and its roof and floor, as shown in Fig. 2 . According to the mechanical equilibrium conditions, the balance equation of forces on the microelement is formed.
where s c is the Coal-rock interface friction resistance; and r x is the Coal seam horizontal stress, MPa. The disturbance zone contains the elastic and plastic zones. In the elastic zone, coal seam satisfies the following elastic constitutive equation:
where l is the Poisson's ratio of the coal mass.
After the roadway excavation, the load applied by the coal mass along the original roadway is transferred onto the vicinal coal mass, and it satisfies the following integral equation:
With the following boundary conditions: where I, II, and III are the plastic, elastic, and initial stress zones, respectively; p l the original gas pressure, MPa; and p 0 is the roadway gas pressure, MPa.
Three strength criteria
The criterion that is used most extensively in rock (soil) engineering is the M-C criterion, which is expressed as follows:
Wilson criterion, which does not consider the effect of the principal stress, is expressed as follows:
The circumcircle D-P criterion is the elastoplastic material strength criterion proposed by Drucker and Prager and expressed as follows:
where r xe and r ye are the effective stresses of the coal seam in the horizontal and vertical directions, MPa, respectively; c the coal seam cohesion, MPa; and u the coal seam internal friction angle,°.
Comprehensive comparison of Eqs. (6)- (8) demonstrated that in the plane strain state, these three different strength criteria can be written as follows:
where H is the mono-parameter function of the internal friction angle; and I the bi-parameter function of both the cohesion and internal friction angles. Thus, Eq. (9) can be used to establish the translation outburst model of coal seam.
Gas pressure distribution characteristics
Terzaghi defined the effective stress as the total stress minus the fluid stress and proposed an effective stress principle for unsaturated soil [21] . According to this principle, Schmit and Zoback introduced the effective stress coefficient and obtained a largely general effective stress principle [22] . Applying this principle to the gas-bearing coal mass determines the relationship of the total stress to the gas pressure and the effective stress of gas-bearing coal mass:
where r m is the whole stress, MPa; r me the effective stress, MPa; a the effective stress coefficient; e m the Kronecker symbol; and p the coal seam's pore pressure (gas pressure), MPa.
The characteristics of gas pressure occurrence in different coal mines or coal seams of similar coal mine are inconsistent. Even for the same coal seam, with the constant advancement of roadway excavation, the gas is consecutively released, and the gas pressure distribution in the coal seam also dynamically changes [23] . We assume that the gas pressure can be described using the following equation:
where p is the gas pressure, MPa; a ¼ p l the original gas pressure, MPa; L the width of the disturbance zone, m; and x the distance from the coal wall of the roadway side, m. The rationality of Eq. (11) is verified using the measured gas pressure on the roadway side [24] . The fitting curve shown in 
Additionally, the use of boundary conditions in Eq. (5c) into Eq. (13) obtains the following equation.
The stress distribution in the elastic zone obeys the following equation: 
Solving the resulting one-order linear differential equation obtains the following equation: 
Therefore, the characteristics of vertical stress distribution in the plastic zone can be expressed as follows: 
Subsequently, solving Eqs. (4) and (18) 
Substituting the boundary conditions in Eqs. (5a) and (5c) into (19) results in the following equation.
According to Eq. (20) , the width of the disturbance zone is clearly due to coal mining, which is related to the interface parameters (friction angle and cohesion), the lateral pressure coefficient, and the buried depth and size of the roadway.
Combining Eqs. (13), (14), (16), and (17) and the boundary conditions in Eq. (5b) obtains the relationship of the plastic zone width to gas pressure and other factors as follows:
A case study
The roadway width and height of the coal mine are 3 and 3.5 m, respectively. Table 1 provides a list of the physical and mechanical parameters of the coal seam. Substituting these parameters into Eqs. (20) and (21) obtains the stress distribution in the horizontal and vertical directions, as shown in Fig. 4 .
The stress distribution obtained by the constitutive equation used in this paper is consistent with that of Lippmann: the vertical stress changes at the junction of the elastic and plastic activity areas [9] . Lippmann also argued that if the outburst is stopped with boundary friction, then the pressure distribution should be discontinuous. Nonetheless, this pressure distribution has never been measured on-site and in the laboratory.
To ensure the accuracy of the present study, a large number of field-related measured data are reviewed. Results showed the gradual decrease in the distribution of vertical stress in the elastic activity area [25] . However, the vertical stress of the constitutive equation used in this paper is consistent with the actual distribution of stress in the plastic activity area and the original rock disturbance area. To ascertain the accuracy and validity of the article, this study evaluates the vertical stress distribution of the elastic activity area and explains the uncertainty of vertical stress distribution in the elastic activity area by using the dashed line connection. Furthermore, the evaluated coal seam instability criterion is the width of the plastic activity area. Therefore, the vertical stress distribution of the elastic activity area will not affect the accuracy of the research results.
According to the parameters provided in Table 1 , the M-C, D-P, and Wilson criteria are applied. Consequently, the disturbance and plastic zones widths are obtained and shown in Table 3 . Table 2 shows that the coal seam plastic zone width and the vertical stress peak obtained on the basis of D-P criterion are Table 1 Parameters of coal in the outburst zone. respectively. Evidently, the plastic zone width and the vertical peak stress obtained by using the Wilson material yield criterion are the smallest and most conservative, whereas the results obtained by using the circumcircle D-P criterion are the largest ones. The use of D-P criterion to assess the seam rockburst destabilization is the safest method.
Analysis of factors affecting plastic zone width
Many researchers have studied the plastic zone width, which can be used as an index to evaluate the coal seam destabilization and failure. The large plastic zone width and closeness to the disturbance zone width result in easy occurrence of destabilization.
Effects of multiple parameters on plastic zone width
In order to analyze the effect of influencing parameters on the width of the plastic zone, various parameters in Eq. (21) are Table 3 Material parameters of gas-bearing coal.
No. evaluated based on the D-P criterion, the Refs. [12, 13, 15] and the actual measurement data. The parameters are divided into three groups as shown in Table 3 : roadway width-height, support resistance-coal strength (internal friction angle) and support resistance-underground stress. These three groups parameters are calculated with Eq. (21) to study the effects of these data on the width of the plastic zone and the results are shown in Fig. 5 . According to Fig. 5(a) , the width of the plastic zone continuously increases with the increased roadway height and slightly increases with increased roadway width, thereby showing a nearly linear relationship. The roadway height exerts more remarkable effect on the plastic zone width than that of the roadway width.
Comparison of the three groups in Fig. 5(a) revealed that with the increased gas pressure, the effects of roadway height-width on the plastic zone width exhibit approximately the same trends, and the plastic zone width consecutively increases. Fig. 5(b) illustrates that (1) the plastic zone width decreases continuously with the increased internal friction angle and slightly decreases with the increased support resistance, (2) the effect of support resistance on the plastic zone width increases gradually with the decrease in the internal friction angle of the coal, (3) the effect of coal internal friction angle on the plastic zone width increases gradually with the decrease of support resistance, and (4) the coal internal friction angle exerts a more remarkable effect on the plastic zone width than that of the support resistance. Additionally, with the increased gas pressure, the effects of coal internal friction angle-support resistance on the plastic zone width display approximately the same trends. Fig. 5(c) demonstrates that (1) the plastic zone width increases continuously with the increase in underground stress but decreases continuously with the decrease in support resistance, and (2) the small support resistance results in remarkably evident effect of underground stress on the plastic zone width. In addition, the effects of underground stress-support resistance on the plastic zone width show approximately the same trends. The plastic zone width also constantly increases with the increased gas pressure.
In summary, the plastic zone width can be reduced by optimizing the support ways, improving the coal strength, and changing the roadway size, thereby reducing the risk of coal seam rockburst destabilization.
Effect of gas pressure on plastic zone width
Gas pressure affects the plastic zone width. To further reflect the effect of gas on coal seam destabilization, this study investigates the effects of different gas pressures on coal seam stress distribution and plastic zone width and analyzes the effect of gas on coal seam destabilization. Table 4 presents a list of the material parameters of gas-bearing coal. Fig. 6 shows the distribution of calculated stress of coal seam on both sides of roadway under different gas pressure conditions.
According to the results given in Table 5 , when the other conditions are the same, the gas pressure exerts considerable effect on both plastic zone width and vertical stress, and the plastic zone width and the coal seam stress increase with the increased gas pressure, and the destabilization risk of the coal seam after Table 4 Material parameters of gas-bearing coal. disturbance increases. When the gas pressure is 3 MPa, the elastic zone width is 0.28 m; the plastic zone width is 9.357 m, which is the most approximate to the disturbance zone width; the stress in the vertical direction is 47.3 MPa; and the stress in the horizontal direction is 14.1 MPa. Consequently, the maximum values are reached.
Conclusions
The drawn conclusions are as follows:
(1) On the basis of Lippmann rockburst basic theory, this study considers the support resistance, introduces the mathematical model for gas pressure distribution, adopts the unified expression of the Wilson, M-C, and circumcircle D-P criteria in the plane strain state, establishes the model for translation outburst of the full-roadway coal seam with its roof and floor being rocks, and finally applies the distribution of stress on both sides of the roadway. Thus, this study can provide a theoretical basis for the prediction and forecasting of rockburst. (2) Solving the actual production of some coal mining area determines that the plastic zone width obtained by using the Wilson and M-C material yield criteria and the peak stress in the vertical direction are small. Thus, the obtained results are the most conservative results. Moreover, the use of D-P criterion to assess the seam rockburst destabilization is the safest. (3) Studying the effects of multiple parameter models on the plastic and disturbance zone widths reveals that the coal seam stability is related to gas pressure, and high-pressure gas accelerates the coal seam destabilization. The plastic zone width is slightly affected with the roadway width, and it continuously increases with the increased roadway height. The large support resistance and high coal strength result in small plastic zone width. Changing the roadway size and support can reduce the width of the plastic zone, thereby lowering the risks of coal seam destabilization. Therefore, studies on the mechanism of coal seam destabilization should consider the relationship with gas disasters.
